Fretting wear tests of some steel materials under gross slip condition were conducted in hydrogen gas to obtain basic knowledge on its tribological effect. The tests were done also in nitrogen, argon, and air for comparison. The amount of wear was largest in air among these gases, and the highest insulation voltage between specimens was recorded also in air. In the gas-filled atmosphere in a hermetically-sealed vessel, where some impurities are left, wear is smaller in hydrogen than in air, but larger than in nitrogen and argon. This corresponds to the difference in insulation voltage, higher in hydrogen than in nitrogen and argon. When the gases were supplied continuously in the vicinity of the contact point at high flow rate to decrease the influence of impurities, the insulation voltage and wear decreased considerably with the supplying rate. As for a comparison on wear of the steel materials with the continuous gas supplying, the difference in wear can be attributed to specimen hardness. Furthermore, exposure of specimens to high pressure hydrogen (40 MPa, 373 K, several tens to 250 hour) prior to the fretting tests, which is a simple simulation of practical use in high pressure hydrogen, increased wear in most steels tested.
Introduction
Hydrogen is a promising energy carrier in energy and transportation systems in the near future due to its low environmental load. For the development of the hydrogen society, effects of hydrogen on friction and wear properties of candidate materials should be made clear to ensure and improve reliabilities of machine elements used in hydrogen utilization machines.
As for the tribological effects of hydrogen gas environment, reduction of oxidized surface materials, lack of oxygen to reform oxide layer on the surfaces, and the deterioration in mechanical properties of surface and sub-surface materials, which is known as hydrogen embrittlement can deteriorate friction and wear characteristics 1) . The authors think that fretting wear test under gross slip condition are suitable for studying such effect of hydrogen gas, because of much more frequent exposure of fresh surfaces made by rubbing by asperities to the surrounding gas than other tribological tests. Fretting test in hydrogen gas environment was conducted by Kubota et al. 2) and it was found that absorption of hydrogen occurs during fretting in hydrogen and tangential force coefficient in hydrogen gas was the highest, and air and nitrogen follow in the decreasing order. However, because the test was focused on fretting fatigue strength, slip condition was unclear.
It is well recognized that oxidation of surface or wear debris is key phenomena in fretting wear, effect of hydrogen itself should be distinguished from the no or little oxygen environment. Nitrogen, argon and vacuum environments are similar in the context of an oxygen-free atmosphere. Iwabuchi et al. 3) conducted fretting tests at the ambient pressures from 1.0 × 10 5 to
1.3 × 10 -3 Pa and found (1) above 10 Pa the oxidation rate is independent of the ambient pressure and α-Fe 2 0 3 is formed, (2) below 10 Pa wear decreases with ambient pressure and Fe 3 O 4 is formed, (3) adhesive transfer of metallic debris occurs below 10 -l Pa. Mishina 4) studied the relationship between wear and atmospheric pressure from 2 × 10 -5 to 1 × 10 5 Pa in adhesive wear of pure iron with a pin on disk machine. In oxygen, wear volume is maximal in the vicinity of 10 -l Pa; the amount of wear was low in a higher vacuum and increased with the pressure up to 1× 10 -l Pa. In high vacuum conditions the wear debris adheres strongly to the metal surfaces and so cannot easily be eliminated from the contacting surfaces. The reduction of wear volume at a pressure exceeding the maximal point was attributed to that a large number of oxygen molecules chemisorbed onto the surface prevent the adhesion of contacting surfaces like a lubricant. Important findings are that the peak of wear is observed even in hydrogen and nitrogen, and the atmospheric pressure at which the peak emerges depends on the gas. These findings suggest that environment gas itself may have significant effect on tribological characteristics.
Tribological effects of environmental gas can be enhanced by high pressure in operation. Recently the pressure of hydrogen reserved in tanks of fuel cell vehicles builds up to 35 MPa or 70 MPa 5) . For acquisition of valid data for practical usage, experiments should be conducted in actual high pressure, but such experiments are quite difficult and expensive. Mine et al. 6) showed that the hydrogen penetration behavior into the materials is expressed by Sieverts' and Fick's lows. In the Sieverts' low hydrogen concentration is proportional to the square root of hydrogen pressure and the exponent of (-1/T), where T is absolute temperature. For the consideration of effect of high pressure hydrogen gas, in this study specimens were exposed to 40 MPa and 373 K hydrogen gas prior to experiments, and fretting wear tests under atmospheric pressure were carried out with them.
In this paper, the results of fretting wear tests of some candidate steels under gross slip condition in atmospheric-pressure hydrogen gas are reported with the comparison to those in air, nitrogen and argon. It is also reported that specimens exposed to high pressure hydrogen prior to the fretting tests increases wear in most steels materials tested.
Experimental method
Fretting wear tests in gross slip condition were conducted in a pressure vessel. A schematic diagram of experimental apparatus is shown in Fig. 1 . Contact configuration was point contact between a ball specimen and a plate specimen. The ball specimen was held in a specimen holder, and the holder was suspended by a circular leaf spring fixed on a tube column as shown in Fig. 2 . The column was driven by a piezoelectric actuator to give oscillatory motion to the ball. Normal load was applied by deflecting the circular leaf spring by pressing the plate specimen onto the ball by a motor driven Z-stage. These loading and oscillating mechanisms were mounted in a gas vessel. The advantage of this apparatus is absence of a dynamic seal; the mechanisms for relative motion and loading are mounted in the chamber.
During the experiments, wear of specimens and insulation voltage between the coupled specimens were assessed. Wear of mating specimens were estimated by the relative approach of the ball specimen holder to the plate specimens detected by a gap sensor. Because in fretting wear oxidation is a key phenomena and the oxidation of surfaces or existence of wear debris 7) can be assessed by contact resistance between mating surfaces 7) , insulating voltage was measured by the electric resistance method. The parallel resistance and the voltage for complete separation were 1.11 kΩ and 150 mV respectively.
Test specimens and experimental conditions are listed in Table 1 . The specimen materials are bearing steel SUJ2 (JIS G 4805), which is equivalent to AISI 52100, austenitic stainless steels SUS316, SUS316L, SUS304, martensitic stainless steel SUS440C (JIS G 4303), and chromium molybdenum steel SCM435 (JIS Fig. 1 Table 2 . Austenitic stainless steels are recommended for machine structure use in hydrogen gas, and SCM440 and S45C are general for machine elements and inexpensive compared with the stainless steels. Figures in the column for specimen material in Table 1 are Vickers hardness number of the specimens.
Diameter of the ball was 4 mm and the normal load of 1 N was applied. Resultant Hertzian contact pressure and radius were from 0.82 to 0.86 GPa and from 23.6 to 24.2 µm respectively. The oscillation amplitude was varied as 40, 60, 80 and 160 µm. These amplitudes were longer than the radius of Hertzian contact circle. The oscillation frequency was 10 Hz or 25 Hz, and the total oscillation number was 10 5 . Test duration was 167 min for 10 Hz and 67 min for 25 Hz.
Two types of gas supplying method were used. One was batch experiment, in which an experimental gas of 0.12 MPa was filled and enclosed in the vessel after purging. Another is continuous supplying in which the gas was supplied near to the test specimen. Purging procedure was same in both supplying methods and consisted of evacuation for 5 min by scroll vacuum pump, ventilation of nitrogen for 15 min, and evacuation for 1 min by the pump. Purity of gas supplied was 3 N or 5 N for hydrogen, and 4 N for nitrogen, and 5 N for argon. Dew point of the gas in the vessel was not measured.
Experimental results and discussion

Experiments in enclosed gas environment
Some experimental results obtained with the bearing steel SUJ2 in 0.12 MPa of enclosed gas environment are explained first. Gas purity grade of hydrogen was 3 N. In hydrogen red-brown wear debris, which are distinct feature of fretting wear in air, were observed as shown in Fig. 3(a) , although the amount of wear debris in hydrogen was less than in air (Fig. 3(b) ). Corresponding to the amount of wear debris, wear scar in hydrogen is smaller than that in air. Similar wear debris were observed also in nitrogen.
A comparison of wear by gases evaluated with the relative approach of the ball specimen to the plate specimen is shown in Fig. 4 . Wear is largest in air, and hydrogen, nitrogen follow in descending order for all oscillation amplitudes and frequencies.
This order of the amount of wear shown in Fig. 4 corresponds to the insulation voltage between ball and plate specimens shown in Fig. 5 . That is, in the case of oscillation amplitude of 160 µm and 10 Hz, the insulation voltage in air is highest, and hydrogen and nitrogen follow in descending order. This order is same also in the case of 80 µm and 25 Hz. The high insulation voltage in air is rational because the mechanism of fretting is oxidation of surface material and removal of the oxidized wear debris. The moderate insulation voltage and the red brown wear debris observed in hydrogen suggest that wear mechanism in hydrogen and nitrogen is same as in air, and some impurities, probably oxygen and water 8) , are left in the surrounding gases. Relative approach due to wear,
Oscillation amplitude, µm Relative approach due to wear, In order to decrease the effect of impurity left in the test chamber after purging, experimental gas was supplied continuously in the vicinity of the contact point through a tube as shown in Fig. 6 . The flow rate was 0.25 L/min and 1 L/min. A comparison of insulation voltage by the two gas supply methods and the flow rate is shown in Fig. 7(a) . While little effect of them was observed in air, nitrogen and argon, significant decrease in the insulation voltage with the flow rate was observed in the case of hydrogen. Corresponding this decreasing in insulating voltage, wear amount in hydrogen decreased drastically as shown in Fig. 7(b) . Effect of the location of gas inlet was reported similarly in a rolling fatigue test of a rolling bearing in hydrogen and helium; only test bearings mounted on inlet side of showed major damage, whilst those on the outlet side remained relatively unaffected 9) . However, as shown in Fig. 7(a) , the insulation voltage in hydrogen and 1L/min is not zero, and also in nitrogen and argon. These low but not zero insulation voltages suggest that a trace of impurities were not eliminated completely. Fukuda et al. 8) measured the dew point of environmental gas and reported that small amount of water in experimental gas has significant effect on wear in the bearing steel and austenitic stainless steel. After a series of experiments described in this paper, the dew point of hydrogen gas flown out from the vessel was measured and water content in it was calculated. The effect of flow rate on the water content in hydrogen is shown in Fig. 8 . It can be seen that the water content decreases with increase in flow rate. However, because several tens ppm water is left even at a flow rate of 1 L/min, experiments in which the impurities in the environmental gas is measured and controlled is necessary to distinguish the effects of the three gasses of hydrogen, nitrogen, and argon themselves. Kubota et al. 10) found that the red-brown wear debris vanish completely with the improvement of vacuum from 0.3 Pa to 1 × 10 -3 Pa in purging.
3.2.
Comparison by steels and the effect of exposure to high pressure hydrogen Although it is difficult to give complete descriptions for the effects of hydrogen gas on fretting wear, some steels materials were used for test specimen and comparison by the materials and gases were performed. In these experiments the continuous gas supply method at the flow rate of 1 L/min was adapted. The amount of wear was compared by the summation of wear scar areas on the ball specimen and the plate specimen instead of the relative approach between specimens, because the wear debris caught between the specimens might obscure the small difference between hydrogen and nitrogen or argon.
Wear scar areas and the corresponding insulation voltage are shown in Fig. 9 . Among all steels tested wear in air is the largest as in the gas-filled method experiments. The insulation voltage is the highest in air as well. As for the comparison of hydrogen and nitrogen or argon, the wear scar areas are similar and no distinct feature can be seen. That is, for these three gases except air, if wear in nitrogen and argon is large, wear in hydrogen is also large. The wear scars are small in high hardness material SUJ2, SUS440, SCM435, and large in low hardness SUS304 and SUS316. The area of wear scar is independent on the insulation voltage, because the voltage is low and similar among these three gases. Therefore, the difference in wear amount by materials can be attributed to the hardness of specimens. Higher hardness implies higher ultimate tensile strength and higher fatigue strength. Because the higher hardness is advantageous to the breakdown of the surface by local high stress fatigue processes and the abrasive action of oxide debris, a decrease in damage is to be expected with an increase in surface hardness 11) . Wear scars of the friction pairs of SUJ2/SUJ2 2 and SUS316/SUS316 are shown in Fig. 10 . The appearances of wear scar in hydrogen, nitrogen and argon are similar in each friction pair, and show a distinct difference between the two friction pairs. While the wear scars of SUS316/SUS316 are dark brown throughout them, those of SUJ2/SUJ2 2 are consist of dark zone and bright zone. These zones on one friction pair are in the relation of negative and positive; on the ball specimens the central area is dark and the annular zone surrounding it is bright, while on the plate specimens core is bright and its peripheral is dark. The dark areas are irregular, and in the bright areas abrasion marks are seen. It is suggested that the dark area is harder and made the abrasion track on the opposite surface.
The wear scars consist of irregular dark and bright abrasion truck areas observed resemble to the one observed by Kayaba and Iwabuchi 12) . They stated that the dark area is covered by black oxides, and the black oxides act as an abrasive but protects the surface on which the oxides are produced. Therefore, wear depends on the presence or absence of black oxide. In the present experiments, while the almost uniformly colored wear scar was observed in the pairs of low hardness steels, SUS304 /SUS304 and SUS316/SUS316 (Fig. 10(b) ), the dark-bright duplex type was observed in the pairs of high hardness steels, SUJ2/SUJ2 1 , SUJ2/SUJ2 2 ( Fig.  10(a) ), SUS440/SUS440 and SUJ2/SCM435. As for the difference in appearance of wear scars, the type of steel materials might have some effect. Besides the hardness of surface hardness, the relative hardness of wear debris 11) and the type of oxide reported by Kayaba and Iwabuchi 12) should also be considered as significant factor, the difference in wear amount for the three gases except air can be simply attributed to the surface hardness.
Finally, the effect of exposure to high pressure hydrogen prior to experiment will be discussed. In Fig.  11 areas of wear scars are shown for intact and exposed specimens. In this figure the exposure time and hydrogen gas grade (3 N or 5 N) used for fretting test are shown. The gas grade in exposure procedure was 4 N. Although some scatters are seen, wear scars are larger on exposed specimens than on intact ones in each gas grade of experiments as a whole. The effect of gas grade also can be seen in the experiments with the bearing steel SUJ2 1 and SUJ2 2 ; wear scars of 5 N are small compared with those of 3 N in these specimens. This feature is consistent with the result stated above that wear decreases along with the decrease in impurities. Typical wear scars in hydrogen exposure experiments are shown in Fig. 12 . As can be seen in this figure, exposure to high pressure hydrogen has no significant effect on the appearance of wear scars; in the case of high hardness specimens dark-bright type was observed, and in the case of low hardness specimens uniformly colored type was observed respectively, as in the cases of intact ones. Thus it can be concludes the exposure to high pressure hydrogen has no distinct effect on the wear mechanism but increases wear.
Concerning the effect of hydrogen gas environment, deterioration of mechanical properties such as strength, toughness or fatigue strength, which is known as hydrogen embrittlement, is a possible phenomenon. It is thought that hydrogen atoms diffuse into metal and concentrate around the nonmetallic inclusions or precipitates and in grain boundary. The concentrated hydrogen decrease in the atom binding forces of the metal lattice, and microcracks are generated by external force 13) . Although the increase in wear amount by exposure to high pressure hydrogen may be attributed to hydrogen embrittlement, further study is necessary to make clear it.
Conclusions
Fretting wear tests of some steels in gloss slip condition of point contact were conducted in hydrogen gas environment comparing with air, nitrogen and argon. 
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